A b s t r a c t : Perpendicular t r a n s p o r t i n s u p e r l a t t i c e s i s studied by means o f c l a s s i c a l photoconductor o r t r a n s i s t o r s i n which the a c t i v e l a y e r i s made o f a s u p e r l a t t i c e . Results i n d i c a t e the l i m i t s o f c l a s s i c a l models b u t c l e a r l y show coherent e l e c t r o n t r a n s p o r t f o r t h i n barriers. High e l e c t r i c f i e l d e f f e c t s p a r t i c u l a r t o s u p e r l a t t i c e s are also shown and discussed.
Transport p r o p e r t i e s along the growth axis o f semiconductor s u p e r l a t t i c e s (perpendicular t o i n t e r f a c e s ) has n o t received as rmch a t t e n t i o n as the case o f t r a n s p o r t p a r a l l e l t o the layers. I n a d d i t i o n t o i n t r i n s i c experimental d i f f i c u lt i e s , the physical i n t e r p r e t a t i o n o f the observed e f f e c t s i s f a r from s t r a i g h f o rward. It has been established e a r l i e r [I] 121 t h a t charge c a r r i e r s ( e l e c t r o n s o r h o l e s f my propagate e i t h e r i n Bloch states as i n an ordinary semiconductor (conduction -or valence) band, o r by other mechanisms s p e c i f i c t o the s u p e r l a t t i c e s t r u c t u r e . Among these, two are considered i n f i g u r e (1). The f i r s t one i s the phonon-assisted tunneling (hopping) 131. The second one i s the thermoionic emiss i o n above the barriers. A l l those mechanisms are n o t e a s i l y described i n a s i ng l e model. Competition between band transport, hopping, and thermoionic emission i s determined by the s u p e r l a t t i c e parameters, the s c a t t e r i n g strength, and the l a t t i c e temperature. Moreover, i n terms o f a l o c a l d i s t r i b u t i o n function, the t r a n s p o r t parameters o f a given c a r r i e r are energy dependent. A r e l a t e d s i t u a t i o n appears s i m i l a r i n amorphous semiconductors where e x i s t s a m o b i l i t y gap near the band edges, because o f a disorder induced l o c a l i z a t i o n f o r low energy states. The competition between a thermoionic emission model and an energy dependent m o b i l i t y depends on the s u p e r l a t t i c e p e r i o d compared t o the extended s t a t e mean f r e e path.
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I n other words, the s u p e r l a t t i c e w e l l s a c t as g i a n t t r a p s f o r the charge carr i e r s . The t o t a l c u r r e n t i s a sum o f the hopping c o n t r i b u t i o n and o f band transp o r t . Resonant t u n n e l i n g e f f e c t s may be observable a t a p p l i e d voltages such t h a t t h e p o t e n t i a l d i f f e r e n c e between two adjacent w e l l s i s o f the order o f the local i z e d t o extended states energy difference. However, the p o s s i b i l i t y o f a t o t a l c u r r e n t due t o coherent miniband t r a n s p o r t cannot be discarded as w i l l be shown by various experimental r e s u l t s . Miniband t r a n s p o r t i s however l i m i t e d by the f i n i t e miniband width which must be l a r g e r than c o l l i s i o n a l broadening. It must be also l a r g e r than the p o t e n t i a l drop between two adjacent wells. For superlatt i c e s w i t h narrow b a r r i e r s , t r a n s p o r t i n the f i r s t mini band dominate f o r elect r o n s and l i g h t holes, while l o c a l i z a t i o n appears t o p r e v a i l f o r heavy holes i n a l l circumstances. Experimental r e s u l t s do not provide c l e a r answers when we use standard t r a n s p o r t measurement tools. Thus current-voltage curves alone are n o t s u f f i c i e n t . They are o f t e n s t r o n g l y non 1 i near even though c a r r i e r t r a n s p o r t parameters are l i n e a r i n a wide range o f e l e c t r i c f i e l d s . The reason l i e s i n band bending due t o compensation i n undoped SL. It appears t h e r e f o r e i n t e r e s t i n g t o b u i l d s u p e r l a t t i c e s i n s i d e c l a s s i c a l device s t r u c t u r e s i n such a way t h a t perpend i c u l a r t r a n s p o r t has a key r o l e o f the whole device behaviour. That procedure i m p l i e s we consider t h e SL a c t i v e l a y e r as an e f f e c t i v e medium. I n the case o f miniband transport, the minimum thickness r e q u i r e d i s a few times the w a n free path. Poisson system can be applied i n a f i r s t approach 14 . Three basic devices w i t h s u p e r l a t t i c e s w i l l be c o n s i d e r e d hereafter. F i r s t e n + /~~/ n + s t r u c t u r e which w a l l r o v i d e i n f o r m a t i o n on both e l e c t r o n and hole t r a n s p o r t 151. Then the p + /~~/ n' diPode which has a l s o been studied by i a r s s o n e t a1 j6], Capasso e t a1 j7) [ 8 ] and Gourley e t a1 191.
High f i e l d e f f e c t s a t low temperatures i n those samples w i l l also be described. More r e c e n t l y n p n t r a n s i s t o r s have been studied i n which the base l a y e r has been replaced by a s u p e r l a t t i c e 1101. This l a t t e r s t r u c t u r e has a common e m i t t e r gain p r o p o r t i o n a l t o the e l e c t r o n d i f f u s i o n length. I n a f i n a l section we s h a l l propose an improvement t o the c l a s s i c a l model t o take i n account both hopping and band transport, i n order t o provide a t e n t a t i v e explanation o f the observed hole mean d r i f t v e l o c i t y . 1 ) n + /~~/ n + photodiodes --
The d e s i g n o f n + /~~/ n + p h o t o d i o d e s i s shown i n f i g u r e (2). Electron-hole p a i r s are generated i n b r i e f l i g h t pulses through a window AlGaAs layer. That window i s n doped i n order t o have photocurrent l i n e s w e l l perpendicular t o l ayers. Graded l a y e r s .also improve the e l e c t r o n i n j e c t i o n e f f i c i e n c y . The t o t a l SL w i d t h W i s a c r u c i a l parameter. It cannot be too l a r g e as the photoconductive gain -W-2. It also cannot be too small as the sample capacitance (-W-1) must be minimized f o r broad band detection o f the photocurrent.
Consideration o f the b u i l t -i n p o t e n t i a l by deep acceptors o r compensating i m p u r i t i e s i s important. I n f i g (3) the b u i l t -i n p o t e n t i a l e f f e c t i s shown for two d i f f e r e n t d e n s i t i e s o f deep acceptors, NA = 8 l o 1 5 cm-3 and NA = 2 l o 1 5 cm-3 a t an applied voltage V = 1.5 volts. The e l e c t r o n Fermi l e v e l o f the l o c a l d i st r i b u t i o n f u n c t i o n i s pinned on the major deep acceptor l e v e l . Such a s t r u c t u r e i s n o t r e a d i l y usable f o r DLTS c a p a c i t i v e technique, the whole SL l a y e r being c o n s t a n t l y depleted. A. Si b i l l e has developed a new spectroscopy technique we1 1 adapted t o such s t r u c t u r e s 1111, the B a r r i e r Modulation Deep Level Transient Spectroscopy (BMDLTS). N o t i c i n g t h a t the b a r r i e r height i n f i g (3) can be cont r o l l e d by the amount o f trapped electrons on the deep acceptor, a t r a n s i e n t c u r r e n t i s obtained a f t e r e x c i t a t i o n o f the sample by t r a p f i l l i n g . Trap signat u r e s and concentrations obtained by such measurements are extremely useful i n order t o f i t the I(V, T) w i t h as few as possible adjustable parameters. 
n t due t o slow hole d r i f t i n t h e SL. The time v a r i a t i o n s o f band bending, see f i g 4 (a), during t h a t hole d r i f t causes a c o n t r i b u t i o n o f i n j e c t e d electrons. It i s nothing e l s e than a dynamic t r a n s i s t o r e f f e c t . I n t e r e s t i n g physical informations can be extracted from the c u r r e n t time dependence. The c u r r e n t surge i s o b t a i n e d a t a time o f the order o f W/Vh where Vh i s the mean hole d r i f t veloc i t y . I t s amplitude i s also c l o s e l y r e l a t e d t o the
e l e c t r o n t r a n s i t time throughout the SL. As evidenced by f i g 4 (b) the c u r r e n t surge cannot be c l e a r l y separ a t e d from the i n i t i a l b u r s t because o f the RC c i r c u i t time constant which p a r t l y masks the e f f e c t . I n order t o check the consistency o f the present analysis, the experimental I ( t ) curves have been compared w i t h a s e r i e o f simulation runs. A q u i t e s a t i s f a c t o r y f i t could f o r example be obtained i n the case o f a sample w i t h 24 8, b a r r i e r s and 40 8. w e l l s ( x = 0.28). 
E l e c t r o n m o b i l i t y value found by t h i s f i t d i f f e r by a f a c t o r 2 from those o b t a ined i n s t a t i c I ( V ) and photoconduction experiments. These values w i l l be comment e d on l a t e r .
2 ) p + /~~/ n + s t r u c t u r e s --PIN s u p e r l a t t i c e o r MQW photodiodes have been studied f o r optoelectronics. 
) Strong e l e c t r i c f i e l d e f f e c t s A miniband m o b i l i t y e x i s t s as l o n g as the a p p l i e d e l e c t r i c f i e l d do not modify t o o much the Bloch type o f conduction. It has been shown by Rabinovitch and Zak (171 t h a t interband t r a n s i t i o n s can occur a t f i e l d s F such t h a t e F d >~,
where A i s the miniband width. This contrasts w i t h the simple argument o f the ladder sequential resonant tunneling. I n n / s L /~+ s t r u c t u r e s we can use the c l a ss i c a l band diagram t o determine the e l e c t r f c f i e l d F p r o f i l e a t a given applied voltage V. Near the anode a t V = 6 V, the c o n d i t i o n e F d = A i s c l e a r l y o b t a ined. For the corresponding sample, a sharp negative drop i n the sharp negative drop i n the c u r r e n t has been observed a t T = 4.2 K (fia 5 ) . Such a negative d i f f e r e n t i a l resistance (NDR) could a t f i r s t thought r e s u l t from an inter-miniband t r a n s f e r as w e l l as from a t r a n s f e r t o L o r X v a l l e y s (Gunn effect). The l a t t e r mechanism has however been discarded by consideration o f the pressure dependence o f the c r i t i c a l voltage 1181. Instead, the above NDR i s remin i s c e n t o f the pionneering experiments o f Esaki and Chang 1191 and, more recent l y , Davies e t a1 1201, Choi e t a1 1211. I n f i g 6) the successive intersubband t u n n e l i n g a t T = 77 K 1s shown for a p + /~~/ n + photodi ode, the diode being p o l a r ized i n t h e forward bias. Negative d i f f e r e n t i a l c o n d u c t i v i t y peaks are also c l e a r l y observed and i n t e r p r e t e d i n terms o f sequential resonant t u n n e l i n g eff e c t s which involve d i f f e r e n t zones o f the s u p e r l a t t i c e when the e l e c t r i c f i e l d i s decreased. No such s t r u c t u r e i s observed i n the photocurrent o f the reverse b i a s diode, which supports, t o some extent, the speculations of section 2 on the importance o f high f i e l d e f f e c t s i n the same sample.
) Super1 a t t i c e B i p o l a r T r a n s i s t o r s . (SBT)
An a l t e r n a t i v e t r a n s p o r t study i n minibands has been demonstrated r e c e n t l y 1101 1221. N o t i c i n g the inhomogeneous f i e l d i n the n i n s t r u c t u r e obscures, t o some extent, t h e pure d r i f t o f c a r r i e r e f f e c t s , the d i f f u s i o n constant o f i n j e ct e d e l e c t r o n has been merely pointed as a possible t e s t f o r miniband transport. I n the s t r u c t u r e we replace the whole base (generally p type i n a n p n t r a n s i st o r ) by a s u p e r l a t t i c e . The perpendicular t r a n s p o r t o f i n j e c t e d e l e c t r o n s i n a n p n t r a n s i s t o r i s e s s e n t i a l l y governed by the e l e c t r o n d i f f u s i o n constant and the h o l e l i f e t i m e i n the base as w e l l as a t the emitter-base i n t e r f a c e . I n a l l the SBT under study we have endeavoured t o vary only one SL parameter, namely the b a r r i e r width b. The i m p l i c i t assumption i s t h a t the hole l i f e t i m e remains const a n t and independent from the sample. For a miniband e l e c t r o n conduction, the E i n s t e i n r e l a t i o n i s assumed, Dn = kB T pe/e, Dn being the e l e c t r o n d i f f u s i o n constant. The t r a n s i s t o r common e m i t t e r gain hFEis given by : i n which WB i s t h e base width, +h the hole l i f e t i m e i n the base and the emitter-base i n j e c t i o n r a t i o : i n which a (E) symbol i s r e l a t e d t o e m i t t e r parameters and a ( 0 ) symbol t o base parameters. It i s preferable t o design a t r a n s i s t o r i n which the second term of ( 3 ) l i m i t s hFE anf n o t y. i s m a i n t a i n e d as low as possible, W n o t t o s m a l l (-WE) and E such t ha?; " 104 a t T = 300 K. It i s also worthwhife n o t ic i n g the formulae (9) (4) are n o t v a l i d i f the i n t e r f a c e recombination dominates I n f i g ( 7 ) t h a t exponential v a r i a t i o n o f h w i t h b i s compared t o the data. It i s c l e a r t h a t t h e observed v a r i a t i o n s o f cannot be described by the s i n g l e d i f f u s i o n miniband theory. It i s suggested a t a t r a n s i t 
5)
Discussion I n t a b l e (1) t h e e l e c t r o n low f i e l d m o b i l i t y deduced from three n+.S1/nt s t r u c t u r e s and three SBT1s w i t h d i f f e r e n t SL parameters are compared t o t h e o r e t ic a l room temperature values (Bloch and hopping) [see also f i g (811.
